The designs of single transmission grating based extreme ultraviolet (XUV) and vacuum ultraviolet (VUV) imaging spectrometers can be adapted to build an imaging radiometer for simultaneous measurement of both spectral ranges. This paper describes the design of such an imaging radiometer with dual transmission gratings. The radiometer will have an XUV coverage of 20−200 Å with a ∼10 Å resolution and a VUV coverage of 200−2000 Å with a ∼50 Å resolution. The radiometer is designed to have a spatial view of 16
The designs of single transmission grating based extreme ultraviolet (XUV) and vacuum ultraviolet (VUV) imaging spectrometers can be adapted to build an imaging radiometer for simultaneous measurement of both spectral ranges. This paper describes the design of such an imaging radiometer with dual transmission gratings. The radiometer will have an XUV coverage of 20−200 Å with a ∼10 Å resolution and a VUV coverage of 200−2000 Å with a ∼50 Å resolution. The radiometer is designed to have a spatial view of 16
• , with a 0.33
• resolution and a time resolution of ∼10 ms. The applications for such a radiometer include spatially resolved impurity monitoring and electron temperature measurements in the tokamak edge and the divertor. As a proof of principle, the single grating instruments were used to diagnose a low temperature reflex discharge and the relevant data is also included in this paper. 
I. INTRODUCTION
A tokamak confines hot plasma with electron temperature of the order of a few keV in the core. However, impurity influx from the edge can lead to a loss of heat by radiation. Thus, monitoring the impurity radiation from the plasma has been an integral part of magnetic fusion research. The electron temperature (T e ) in a tokamak covers a wide range from several keV in the core to a few eV in the edge and the divertor. The tokamak divertor acts as a power exhaust volume to the hot plasma confined in the tokamak core. With improved confinement, the heat load in the divertor is expected to increase in the future.
1 Spatial and spectrally resolved radiated power measurements of the radiated power from the divertor will improve the understanding of the power exhaust mechanism and help validate the codes used to model the same.
Edge of the tokamak and the divertor exhibits a wide range of T e , from a few eV to about 100 eV.
1 A wide spectral coverage is required to monitor emission from the various impurity charge states from this range of temperatures. To this end, the design of a combined extreme ultraviolet (XUV) and vacuum ultraviolet (VUV) imaging radiometer for measuring the space resolved spectral power P rad (λ) from the divertor is presented in this paper.
Recently, a transmission grating based XUV survey imaging spectrometer has been used to measure spatially localized impurity emissions from a magnetic fusion experiment. 2 The spectrometer used a micro-channel plate based 2D detector and the time resolution was limited by image readout to ∼0.4 s. Subsequently, the design was modified to use direct photon detection using a charge coupled device (CCD) detector and the use of two separate gratings allowed the spectrometer to work either in the XUV or the VUV range. The slit widths of the spectrometer were optimized for moderate spectral resolution (survey mode) and fast time resolution (∼10 ms) operation. The design of the dual grating radiometer presented in this paper is motivated by these single grating spectrometers. The use of dual transmission gratings and a single detector allows simultaneous XUV and VUV measurements of spectrally resolved radiated power from the divertor or the edge.
The paper is structured as follows: results from the single grating survey spectrometers is presented in Sec. II. Section III describes the design of the dual grating radiometer. Finally, Sec. IV concludes the paper with a discussion of applications of the imaging radiometer.
II. OPERATION OF SINGLE GRATING SPECTROMETERS
The design of the single transmission grating XUV imaging spectrometer 2, 3 was modified to use the Princeton Instruments PIXIS XO 400B direct detection CCD camera as a 2D detector. The camera has 1340 × 400 pixels of size 20 μm each. Hardware binning the pixels on the detector, enabled operation with better time resolution. The spectrometer has an angular view of ±3.5
• and a resolution of 0.45
• . The spectrometer uses a Ta/SiC grating manufactured by NTT-ATT (part number ATN/TG-200/11W) with 5000 lp/mm. The spectral resolution of the survey spectrometer is δλ/λ ∼ 3%. An example of a 10 ms exposure space resolved spectrum obtained by the spectrometer is shown in Figure 1 that a similar diagnostic can be used to measure radiation from the divertor with a fast exposure time of ∼10 ms.
The operation of the XUV spectrometer can be extended to longer wavelengths. Figure 1(b) shows a space resolved VUV spectrum under similar operating conditions as Figure 1(a) , and again with a fast time resolution of 10 ms. The spectrum was obtained by a modified spectrometer which uses a custom Ni/Si 3 N 4 transmission grating with 1000 lp/mm. This space resolved VUV spectrometer had a view of ±1.6
• and a resolution of 0.2
• . The spectral resolution is again moderate at δλ/λ ∼ 3%. Note that while both the spectra shown in Figure 1 are taken under similar plasma conditions, the VUV spectrometer was placed further from the plasma and thus surveyed the entire plasma, while the XUV spectrometer only viewed a much smaller section of the plasma. The data presented in Figure 1 was taken by cooling the detector only to 5
• C, and the rms readout noise was about 0.3%-3% of the photon flux.
The operation of these spectrometers at fast time resolution of 10 ms imply that the technique can be extended to spectroscopically diagnose divertor plasmas with moderate spectral resolution and fast time resolution. In general, the time resolution is limited by the frame readout rate and is expected to be around 30 ms. The detailed designs and analysis of these spectrometers will be presented in a separate paper.
III. DESIGN OF THE DUAL GRATING RADIOMETER
A spectroscopic diagnostic of the divertor requires simultaneous XUV and VUV coverage. Thus, the design of the transmission grating spectrometers is modified to use two different gratings (XUV and VUV) and a single detector. Figure 2 presents the front view and the sectional schematics of the imaging radiometer. Table I summarizes CCD detector which has 1340 × 1300 pixels of size 20 μm each. The back-illuminated, direct detection CCD detector is characterized by high quantum efficiency (20% − 50%) and low noise over a wide spectral range (20 Å−2000 Å). 5 Figure 2(b) shows the spectral dispersion within the radiometer. The face plate prevents direct exposure of the radiometer to the experiment. The two input slits and the two imaging slits limit the angular view of the XUV and the VUV sections of the radiometer. The baffles prevent spurious light reflections from falling on to the detector. The individual slits, baffles and transmission gratings are located such that the zeroorder radiation falls outside the detector. The dotted lines in Figure 2 (b) represent the dispersion limits and the spectral coverage from the two gratings. Nearly two-thirds of the detector is covered by the VUV spectrum and the rest by the XUV spectrum. The knife-edge spectrum block isolates the spectra from each other and prevents signal degradation. The spectral resolution of the radiometer is determined by the cumulative effect of the number of grating bars covered by the imaging slit and the angle subtended by the width of the slits on the detector. 6 The slit dimensions described in Table I are calculated for achieving moderate spectral resolution, while maximizing the photon throughput. Figure 2(c) shows the angular view of the imaging radiometer, which is ±8
• covered by the 1300 pixels. The dotted lines in the figure represent the extremes of the angular view. The angular resolution is determined by the angle subtended by the length of the imaging slit on to the detector and is ∼0.33
• . During normal operation, the radiometer will be operated with an approximate hardware binning of 20 (spectral binning) × 20 (spatial binning). This will enable fast exposures of ∼10 ms without the loss of spectral or angular resolution. Furthermore, if the angle subtended by the plasma is less than 16
• , then the readout speed of the camera can be increased by recording data from pixels covering the region of interest only.
The imaging radiometer described in this section is lowcost, simple, and compact (6 diameter, 12 length). These attributes increase its applicability to the edge and divertor of various magnetic fusion experiments. However, some magnetic fusion experiments generate significant amount of neutrons and gamma radiation. In which case, the Princeton Instruments camera may require shielding. It should be noted that similar detectors have successfully operated on magnetic fusion experiments. 7, 8 
IV. CONCLUSION
The design of a low-cost and compact imaging radiometer based on dual transmission gratings was presented in this paper. The radiometer is designed to operate at a fast time resolution, while achieving only a moderate spectral resolution. The radiometer is designed for diagnosing the tokamak edge and divertor which have a wide range of electron temperature. The spatially resolved radiated power measurements P rad (λ) from the radiometer can be used to estimate the electron temperature and cross field diffusion coefficients in the divertor. 4 In experiments where such divertor measurements already exist, the radiometer can be used to validate divertor modeling codes.
Another important application of the radiometer is monitoring radiation from high atomic number (Z) refractory elements. ITER will have tungsten plasma facing walls and the W radiation from the divertor is expected to be in the VUV and XUV range. Furthermore, the W radiation under the divertor conditions has broadband envelope features rather than individual emission lines and thus requires detection with only moderate spectral resolution but with good spatial resolution. 9 The inherent moderate spectral resolution of the radiometer makes it naturally beneficial for monitoring high Z plasma facing materials like tungsten under divertor conditions.
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